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Abstract: To support the goals articulated in the vision for exposure and risk assessment in the twenty-first century, we highlight
the application of a thermodynamic chemical activity approach for the exposure and risk assessment of chemicals in the
environment. The present article describes the chemical activity approach, its strengths and limitations, and provides examples
of how this concept may be applied to the management of single chemicals and chemical mixtures. The examples demonstrate
that the chemical activity approach provides a useful framework for 1) compiling and evaluating exposure and toxicity
information obtained from many different sources, 2) expressing the toxicity of single and multiple chemicals, 3) conducting
hazard and risk assessments of single and multiple chemicals, 4) identifying environmental exposure pathways, and 5) reducing
error and characterizing uncertainty in risk assessment. The article further illustrates that the chemical activity approach can
support an adaptive management strategy for environmental stewardship of chemicals where “safe” chemical activities are
established based on toxicological studies and presented as guidelines for environmental quality in various environmental
media that can be monitored by passive sampling and other techniques. Environ Toxicol Chem 2018;37:1235-1251. © 2018
The Authors. Published by Wiley Periodicals, Inc. on behalf of SETAC.
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INTRODUCTION managing chemicals that benefit society while safeguarding

the environment and human health from detrimental and
potentially irreversible harm. A common assessment strategy
involves evaluating the persistence, bioaccumulation, toxicity,
and long-range transport potential of chemicals (United Nations
Environment Programme 2001). This approach, which does not
involve actual exposure and risk assessment, is often used to
screen and prioritize chemicals for further assessment and/or
control substances (US Environmental Protection Agency 1976;
Government of Canada 1999; European Commission 2006;

Since Rachel Carson’s (1962) landmark book Silent Spring
generated global awareness of the potential harm from large-
scale chemical use, hazard, exposure, and risk assessment of
chemicals have become an integral part of national and
international efforts to regulate chemical use. The general
goal of such assessments is to contribute information for
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measures (e.g., no-observed-adverse-effect concentrations) by
using concentration ratios. One example of this approach is
the ratio of the predicted-environmental concentration to
the predicted-no-effect concentration (Wilkinson et al. 2000).
Methods used to assess hazards of chemicals to multiple species
include species sensitivity distributions, which when combined
with exposure information can be used to estimate ecological
risks that are often expressed as the fraction of potentially
affected species (Suter 1993). Methods for the assessment of
risks of chemicals to human populations include the calculation
of hazard assessment indices and excess lifetime cancer risks (US
Environmental Protection Agency 1984). In most cases, hazard
screening, prioritization, and subsequent risk assessments are
performed on a chemical-by-chemical basis. Risk assessment of
mixtures of chemicals is often addressed by direct toxicity
assessment (e.g., whole-effluent toxicity tests) or the application
of models that account for the mode of action of the chemical
(European Commission 2012).

The National Research Council has published a series of
reports outlining a strategy for conducting exposure science and
toxicity testing in the twenty-first century (National Research
Council 2007, 2012). The reports promote the creation of large
databases of information, particularly related to developing an
improved mechanistic understanding of toxicity pathways and
new tools for toxicity testing. These initiatives include an adverse
outcome pathway approach to organize and communicate
mechanistic toxicity pathways from molecular initiating events to
adverse effects at the individual, population, and community
levels (Ankley et al. 2009) and computational methods that
examine chemical structures to screen against a variety of hazard
endpoints and bioinformatics. They also include various rapid
high-throughput in vitro assays, notably the US Environmental
Protection Agency’s (USEPA's) ToxCast program (Dix et al.
2007). These methods make it possible to screen thousands of
chemicals for toxicity in a period of one to several years. The
vision also includes the collection, compilation, and evaluation
of a range of exposure data for human and wildlife target species
generated by various methods, including (bio)sensors, passive
sampling, market data, remote sensing, and geographical
information technologies (National Research Council 2007).
Databases, such as the USEPA's ExpoCast, are currently being
developed to compile exposure data for advancing exposure
characterization (Cohen et al. 2010).

The vision for the twenty-first century also recognizes some key
challenges (Krewski et al. 2014). One challenge is the development
of methods that can adequately interpret the vast growing body of
exposure and toxicity information and the uncertainty associated
with the data obtained from various sources. A second challenge
is the risk characterization of chemical mixtures. Addressing
these challenges will help translate the value of toxicological and
exposure knowledge into chemical-management decisions. The
objective of the present Focus article is to address these challenges
by highlighting the potential application of a thermodynamic-
based framework that relies on the concept of chemical activity
for expressing and interpreting exposure and toxicity information
in support of robust, quantitative risk assessments and corre-
sponding management actions.

Chemical activity and a related quantity, fugacity, were
introduced by Lewis (1901, 1907). They express a chemical’s
potential for distribution and reaction in the environment.
Chemical activity and fugacity are widely used in the field of
chemical engineering to describe the distribution of chemicals
between different phases and media. In the field of medicine,
the application of chemical activity has been instrumental in
predicting the action of anesthetic drugs used in surgery
(Overton 1896; Meyer 1899). In toxicology and ecotoxicology,
fugacity and chemical activity approaches have been applied to
interpret and study both the uptake (Connolly and Pedersen
1988; Gobas et al. 1999; Nfon and Cousins 2007; Burkhard et al.
2012) and the toxicity (Ferguson 1939; Freidig et al. 1999,
Schmidt et al. 2013; Armitage et al. 2014; Thomas et al. 2015) of
chemicals in organisms. Fugacity and related models (for neutral
nonpolar organic chemicals) and related aquivalency models (for
metals) are widely used for assessing contaminant flows and
distribution in the environment (Di Toro et al. 1991; Mackay
2001; Schwarzenbach et al. 2003; Mackay and Arnot 2011).
Fugacity and chemical activity approaches have also been used
for regulatory purposes and to conduct chemical risk assessment
(Mackay et al. 2011; Gobas et al. 2016, 2015b; Fairbrother and
Woodburn 2016). The European Centre for Ecotoxicology and
Toxicology of Chemicals (2016) recently published a report on
defining the role of chemical activity in environmental risk
assessment, discussing both opportunities and challenges to the
application of the chemical activity approach to environmental
risk assessment.

Because of its fundamental role in environmental distribution,
toxicity, and risk assessment, the chemical activity approach may
provide a useful unifying framework for the integration of
information from exposure monitoring and modeling studies
and in vivo and in vitro toxicity tests to elucidate exposure
pathways, toxicity, and the magnitude of risk that a substance
may pose. In the present article, we illustrate how a chemical
activity approach can be used to support chemical manage-
ment. First, we describe the chemical activity approach and its
strengths and limitations. Second, we describe how chemical
activity can be determined and estimated. Third, we provide
several examples of how the chemical activity approach can
inform and support exposure, hazard, and risk assessments.
Fourth, we provide suggestions for how the chemical activity
approach can be applied in a regulatory context to improve the
stewardship of chemicals in commerce.

THEORY
What is the chemical activity approach?

As illustrated in Figure 1, the chemical activity approach
involves the expression of media-specific concentrations to
which organisms are exposed and in vivo and in vitro toxicity
concentrations and dosages in terms of a common metric (i.e.,
chemical activity). Media include ambient water, sediments, soil,
air, and fish. Media also include biological fluids such as urine
and blood and incubation media used in bioassays. The media
can further include materials in passive and active samplers used
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FIGURE 1: Conceptual diagram illustrating potential applications of the chemical activity approach in environmental exposure and risk assessment.
The chemical activity approach involves the expression of exposure concentrations and in vivo and in vitro toxicity reference concentrations in terms of a
common unitless metric (i.e., chemical activity) for conducting exposure, hazard, and risk assessment and management. a=chemical activity.

for environmental monitoring. A range of in vivo and in vitro
toxicity metrics such as no-observed-effect concentrations
(NOECs), lowest-observed-effect concentrations (LOECs), con-
centrations causing 50% lethality (LC50s) or 50% nonlethal
effects (EC50s), and concentrations causing biological activity in
in vitro tests can also be expressed in terms of chemical activities.
The various exposure and toxicity measures can then be directly
compared because they are all expressed in the same units.
The main strength of the chemical activity approach is its
ability to improve and expand the comparison of exposure and
biological effect measures in risk assessments. Chemicals in the
environment and in experimental systems often occur in
multiple, diverse media. The composition of the medium
modulates a substance’s distribution between freely dissolved
and other constituent phases, thereby influencing the chemical
and biological activity of the substance. A comparison of the
concentrations of a chemical in different media is often difficult
and subject to error because it is tantamount to comparing
apples and oranges. Environmental risk assessments of chem-
icals therefore often rely on a comparison of exposure and
toxicity data for a single medium, thereby excluding other
available information. For example, a risk assessment may
involve the comparison of the concentration of a chemical in
ambient water with the concentration of the chemical that
produces a biological response in an aquatic toxicity test (e.g.,
LC50 or EC50). Even in such risk assessments, there may be
substantial differences in the composition of the aqueous
medium among toxicity tests and ambient water types. But
more importantly, many other sources of information on
exposure (e.g., concentration data from [bio]sensors and passive
sampling devices and concentration data for the chemical in

media other than water, such as sludge, sediments, and
commercial products) and toxicity (e.g., in vitro response
studies) are typically not considered in environmental risk
assessment because they cannot be easily compared to aqueous
concentrations. This reduces opportunities for gaining knowl-
edge, improving risk characterization, and assessing uncertainty.
One of the contributions of the chemical activity approach to
exposure and risk assessment is that it provides a method for
using concentration data from a variety of environmental media,
test systems, and sensor materials in a risk assessment. Examples
of such risk assessments are discussed below.

Another contribution of the chemical activity approach is the
ability to express the relative potency (or inherent toxicity) of
individual and mixtures of chemicals. Several authors have
shown that many individual chemicals exert a baseline toxicity
that is closely related to the chemical activity of the chemical in
organisms. For example, several authors have shown that many
individual neutral organic chemicals cause lethality in organisms
when they reach chemical activities between 0.01 and 0.1
(Reichenberg and Mayer 2006; Schmidt et al. 2013; Thomas
et al. 2015). Mixtures of these chemicals appear to cause the
same biological response as the individual chemicals when the
combined chemical activity in the organism, determined as the
sum of the chemical activities of the mixture's components,
reaches critical values similar to those of the individual
components of the mixture (Schmidt et al. 2013; Smith et al.
2013). Chemicals that exert this behavior are believed to actin a
nonspecific fashion through dissolution in cell membranes and
disrupting critical membrane transfer functions (Franks and Lieb
1982; Kipka and Di Toro 2009). The chemical activity approach
provides a relatively simple framework to differentiate between
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chemicals that cause this type of baseline toxicity and chemicals
with a potency greaterthan that of baseline toxicants, which cause
acute lethality at chemical activities in organisms less than 0.01.

A notable weakness of the chemical activity approach is that
despite its sound theoretical basis, chemical activity remains an
unfamiliar concept beyond the circles of chemists, chemical
engineers, and pharmaceutical scientists. Concentration is a
much more familiar concept than chemical activity. We therefore
envision 2 strategies for the practical application of the chemical
activity approach. The first strategy involves the translation of
concentrations into chemical activities and vice versa (Figure 2),
thereby taking advantage of both the concentration and the
chemical activity concepts. Various real-world environmental
pollution problems (e.g., what is the combined toxicity of a
chemical mixture? What is a safe chemical concentration in water
[e.g., water quality guideline]? Does a chemical pose a risk to the
environment? Does a chemical biomagnify in a food web?) can
be addressed by expressing available concentration data in
terms of chemical activities (step 1). The problem can then be
framed, evaluated, and possibly solved using the laws and
constraints of thermodynamics (step 2). Finally, a solution
expressed in thermodynamic quantities can be re-expressed
in terms of real-world quantities such as concentrations,
dosages, and emission rates (step 3), which can be controlled
and/or monitored (step 4). A second strategy for overcoming
difficulties with the unfamiliarity of the chemical activity concept
is the use of proxies for chemical activity. Possible candidates for
such proxies include the freely dissolved chemical concentration
in the water (Ctee) and the lipid-normalized concentration or
equilibrium partitioning concentration in lipids (Cjipiq; Webster
et al. 1999). Chemical activity can also be viewed as the fraction
of chemical saturation. For example, a liquid chemical with a
solubility of 1000 pg/L in an environmental medium (e.g., water),
will exhibit a chemical activity of 0.01 or 1% at a freely dissolved

Environmental problem

concentration of 10 ug/L in that medium. Various authors have
taken advantage of these approaches to conduct thermody-
namically sound analyses of chemical distribution and toxicity
behaviors (Connolly and Pedersen 1988; Di Toro et al. 1991,
Gobas et al. 1999; Mackintosh et al. 2004; Burkhard et al. 2012;
Mayer et al. 2014; Burgess et al. 2015).

What is chemical activity?

Chemical activity (a) is a unitless thermodynamic quantity
defined by Lewis (1901, 1907) to describe nonideal solutions
of chemicals in different phases and media. Chemical activity
is defined in 2 ways. First, it is defined as the ratio of the
chemical’s fugacity (f), with units of pressure, in an environ-
mental medium and the reference fugacity of the pure
chemical at a defined standard state (ff), also with units of
pressure. The reference fugacity is often the fugacity of the
pure chemical in its actual state (for chemicals that are in the
liquid form at the temperature of interest) or the subcooled
liquid state (for chemicals that are in the solid form at the
temperature of interest) at the system'’s temperature. Second,
chemical activity is defined on a Raoult's law basis as the
product of the concentration of the chemical x (in units of
moles of solute per moles of solvent) and the activity
coefficient vy (unitless; Prausnitz 1969):

a=f/f"=yxx (1)

For neutral hydrophobic organic chemicals, vy in dilute
aqueous solutions (such as those often encountered in the
ambient environment and toxicity tests) can be determined
from the solubility of the substance in water (Prausnitz 1969).
For substances that are liquids at the system’s temperature, vy is

. Step 2 Solution in abstract world
in abstract world of of thermodvnamics
thermodynamics Exposure(a) y
A Toxicity(a)
Risk(a)
C
Step 1 a=— C=ax$§ Step 3
S
\4
Step 4

Environmental problem
in real world

e | ytion in real world

Monitoring

FIGURE 2: Conceptual diagram illustrating the application of chemical activity to addressing environmental problems. Step 1 involves the conversion
of environmental concentrations and toxicity data to chemical activities based on solubility. Step 2 involves the evaluation of exposure and toxicity data
expressed in terms of chemical activities. Step 3 involves the conversion of exposure, toxicity, and risk information expressed in chemical activities in
terms of concentration units. Step 4 involves the monitoring of exposure, toxicity, and risk to measure the effectiveness of the solution to the
environmental problem. a=chemical activity; C=concentration; S=solubility.
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equal to the reciprocal of the chemical’s solubility Xin the solvent
in units of moles per mole:

v=1/X (2)

For substances that are solids at the system’s temperature,
the activity coefficient y of neutral hydrophobic organic
chemicals in water is

¥ = FIX ©

where F is the fugacity ratio (dimensionless), which is a function
of the melting point of the chemical Ty (K) according to

In F=—(AH;/R)(1/T = 1/Tw) (4)

where AHyis the enthalpy of fusion (joules per mole), Ris the gas
constant (8.314 J/mol/K), T is temperature, and Ty (K) is the
melting point of the solid chemical (Prausnitz 1969). Applying
Walden'’s rule, which states that AH#/ Ty is often approximately
56.5J/mol, a relatively simple method for estimating F from the
melting point Ty and the environmental temperature T of the
chemical can be obtained (Mackay 2001):

F=exp(—6.79 x [Tu/T — 1)) (5)

Assuming that vy is constant over the concentration gradient
from 0 to X, it follows that the chemical activity (a) can be
approximated by the ratio of the chemical’s concentration x
(moles per mole) and its solubility X (moles per mole) in the
medium in which it occurs. Dividing x and X by the molar volume
of the solvent produces a method to express the chemical
activity in more conventional units of chemical concentration C
(moles per cubic meter) and solubility S (moles per cubic meter):

a=x/X=C/S (for liquids) and a = x/X
= C x (F/S) (for solids) (6)

The activity coefficient of neutral hydrophobic organic
chemicals in phases other than water (yp), can be approximated
by the product of the activity coefficient in water (yw) and the
dimensionless, mole fraction-based partition coefficient (Kpy) of
the chemical between phase (P) and water (W)

Yp = Kpw X vy (7)

such that the chemical activity in the nonaqueous phase P (ap)
can be calculated from the molar concentration (xp) in phase P as

ap = Yp X Xp (8)

A useful property of chemical activity is that it describes the
natural tendency of chemicals to achieve a thermodynamic
equilibrium. A thermodynamic equilibrium is defined (Lewis
1901, 1907; Prausnitz 1969) in terms of the chemical activities in

the media involved (e.g., media i and j) being equal:

ai = aj (9)

Testing for equilibrium has been shown to provide useful
insights into the behavior of chemicals in the environment. Also,
equilibrium partitioning is a useful strategy for sensing chemicals
in environmental media that is applied in passive sampling
techniques. Furthermore, applying equilibrium assumptions can
be a useful tool in solving contaminant-related management
problems. Examples of these applications of equilibrium
partitioning are described below.

How to determine chemical activity?

Equation 6 establishes a relatively simple method for
determining the chemical activity in a medium as the ratio of
the concentration of the chemical in a medium and the solubility
or sorptive capacity (herein referred to as “solubilities”) of the
chemical in that medium. The solubility (moles per cubic meter)
of a chemical in pure media such as water (Sy), air (Sp), and lipids
(S0 can usually be determined or estimated from the reported
aqueous solubility, Henry’s law constant (H), octanol-water
partition coefficient (Kow), and melting point. For neutral
organic chemicals that are not miscible with water, a variety of
databases and computational methods exist to determine these
solubilities for neutral organic chemicals, for example, EpiSuite
(US Environmental Protection Agency 2004), SPARC (Archem
2017), ChemSpider (Pence and Williams 2010), Cosmotherm
(Klamt 1995), polyparameter linear free energy relationships
(Endo and Goss 2014), and others (Brown et al. 2012). For ionic
organic substances, similar databases and computational
methods are currently being developed. The solubilities of
chemicals in heterogeneous media such as sediment, soil, and
biological tissues are not as readily accessible. Even the
solubilities of chemicals in natural waters, which may contain
particulate and dissolved organic matter, salts, and other
components, are typically not readily available. For chemicals
in heterogeneous environmental media, a combined solubility
(S7) of the chemical in the environmental matrix can be derived
from the solubilities of the chemical in the constituent pure
media

Sr= 27:11 ¢j X Sj (10)

where ¢; is the volume fraction of each component j of a
particular medium consisting of m components. Methods to
derive chemical activities from concentrations in a range of
environmental and experimental media can be found online
(Gobas et al. 2015a) The methods are presented in an Excel
spreadsheet and aim to facilitate the calculation of chemical
activities. Chemical activity can also be measured in the
laboratory and field by passive sampling using various polymers
such as polydimethylsiloxane, low-density polyethylene, and
polyoxymethylene (Ghosh et al. 2014) as discussed in further
detail in the next section.
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Application of chemical activity to exposure
assessment

The exposure of chemicals to organisms in the environment is
usually measured or calculated in terms of the concentration of the
chemical in the medium to which the organism is exposed. However,
because environmental media (e.g., water, sediment, diet, air) vary
enormously in composition, concentrations of a chemical in different
exposure media are difficult to compare and do not provide direct
information on the direction of diffusive flux or the bioavailability of
the chemical. Applying the chemical activity approach to passive
sampler data can address some of the limitations of conventional
concentration measurements and improve exposure assessment.
Passive samplers are, in most cases, well-defined polymers (e.g., low-
density polyethylene, polyoxymethylene, polydimethylsiloxane) that
are deployed in environmental media to “sense” contaminant
concentrations (Ghosh et al. 2014). Supplemental Data, Table S1,
summarizes reported studies applying passive samplers for
measuring multimedia chemical activity gradients (e.g., air—water,
sediment interstitial water—water column, sediment interstitial water—
water column-biota lipid) for a range of organic substances at various
locations around the world. Passive samplers can be divided into 2
groups (i.e., equilibrium and nonequilibrium samplers). Equilibrium
samplers exhibit relatively fast uptake and depuration kinetics so that
substances achieve a chemical equilibrium between the sampler and
the medium that is being sampled (Mayer et al. 2003). Equilibrium
allows the chemical activity of the chemical in the sampler to be
equated to that of the chemical in the medium that is sampled
(Legind et al. 2007). Nonequilibrium samplers exhibit slower kinetics
and do not achieve a chemical equilibrium between the sampler and
the medium that is being sampled. Performance reference
compounds can be incorporated into the polymer of the passive
samplers so that measured concentrations can be corrected to
reflect equilibrium concentrations even when sampler deployments
are too brief to achieve equilibrium (Ghosh et al. 2014).

Although the environmental media (e.g., sediment, soil,
biological tissues) that are investigated are often complex, variable,
and heterogeneous, passive samplers are inert, well-defined
materials with a consistent composition. The sorptive capacity or
solubility of the chemical in the passive sampler can therefore be
measured in a reliable and reproducible fashion (Mayer et al. 2003).
In many cases, the solubility of a chemical in the sampling matrix can
be more reliably determined than the solubility of the chemical in
the environmental medium that is being sensed (Legind et al.
2007). Concentrations of chemicals in passive samplers (Cps, moles
per cubic meter) can therefore readily be expressed in terms of
chemical activities (aps) as long as the solubilities (Sps, moles per
cubic meter) or partitioning properties (represented by the passive
sampler—water partition coefficient Kps [unitless] and the subcooled
liquid solubility [Sw, moles per cubic meter] in pure water) of the
chemical in the sampler matrix are known:

goe _CPs __ Cps
P T Sps  Kps x Sw

(1)

A passive sampler that is deployed in a nondepletive manner
(i.e., the passive sampler does not significantly change the mass

of the chemical in the medium being sampled) and achieves
chemical equilibrium with the medium being sampled (i.e., the
chemical activities in the sampler and environmental medium
are the same) can therefore determine the chemical activity in
the medium in which the sampler is deployed (Ghosh et al. 2014;
Burgess et al. 2015). Because the solubility of the chemical in the
passive sampler polymer is independent of the matrix in which it
is deployed, passive sampling measurements in different
environmental phases (e.g., water and sediment organic carbon,
or water and fish lipids) can produce chemical activity ratios that
reveal the magnitude and direction of diffusive gradients, which
in turn indicate directions for net passive transport of the
chemical in the environment (Jahnke et al. 2014a, 2014b). For
example, Jahnke et al. (2014a, 2014b) used equilibrium
sampling of polychlorinated biphenyls (PCBs) within sediment
and eel tissue to measure chemical activity ratios between eel
and sediment. The chemical activity ratios indicated lower
PCB activities in eels compared with sediments, whereas
biota to sediment accumulation factors (BSAFs) indicated
lipid-normalized concentrations in eels exceeded organic
carbon-normalized sediment concentrations (Jahnke et al.
2014b). That study is an example of how equilibrium sampling
and chemical activity can facilitate a thermodynamic assessment
of bioaccumulation and other environmental fate processes.
Such studies also highlight the subtle but sometimes important
differences between concentration ratios (e.g., BSAF) and
chemical activity ratios.

To illustrate the application of chemical activity for investi-
gating chemical exposure pathways, we calculated chemical
activities from measured concentrations of several PCB con-
geners in sediments, water column, water column mussels
(Mytilus edulis), benthic polychaetes (Nereis virens), and low-
density polyethylene passive samplers deployed in the water
column and sediments of the New Bedford Harbor Superfund
site (New Bedford, MA, USA). Concentration data were taken
from Friedman et al. (2009) and Burgess et al. (2013), and
chemical activities were calculated according to Equations 6 and
11 using subcooled liquid aqueous solubility values for PCB
congeners 18, 28, 52, and 138 obtained from Burkhard et al.
(1985) and Shiu and Mackay (1986), and Kpw values reported in
Grant et al. (2016) and Booij et al. (2016) (Figure 3). Concen-
trations of PCB 138 in bulk water samples were below the
detection limit but were detected in the passive samplers
deployed in the water phase. The concentrations of the PCB
congeners in water, sediments, and mussels are difficult to
compare and interpret because they are different quantities
expressed in different units. For example, a simple comparison
of the concentrations of PCBs 18 and 38 in water and sediments
does not reveal the net sediment-to-water diffusive flux.
However, chemical activity measurements using passive sam-
plers show that chemical activities of PCBs 18 and 28 in sediment
are greater than those in water, indicating net passive (diffusive)
transport of these PCB congeners from sediment to water.

Another example is the apparent similarity in the concentra-
tion values of PCBs 18 and 28 in sediments, polychaetes, and
mussels, which might be interpreted as sediments being the
main source of these PCB congeners in the polychaetes and
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FIGURE 3: (A) Measured concentrations of several polychlorinated
biphenyl congeners in water (white bars), sediments (light gray bars), and
lipids of the polychaete (Nereis virens) (gray bars) and the mussel (Mytilus
edulis) (dark gray bars) from the New Bedford Harbor Superfund site
(New Bedford, MA, USA). (B) Chemical activities determined from
concentrations in low-density polyethylene passive sampler, deployed in
the water (white bars) and sediments (light gray bars), and concentrations
in lipids of the polychaete (N. virens; gray bars) and the mussel (M. edulis;
dark gray bars). Error bars represent standard errors of the mean.
Original data are from Friedman et al. (2009) and Burgess et al. (2013).
PCB = polychlorinated biphenyl.

mussels. However, the chemical activity measurements using
passive samplers indicate that this is not the case. Chemical
activities of PCBs 18 and 28 in water, polychaetes, and mussels
are equal, indicating that the chemical activities of PCBs 18 and
28 in mussels and polychaetes respond to and reflect the
chemical activities in the water, despite the higher chemical
activity in the sediment compared with that in the water. This
behavior can be expected given that these relatively water-
soluble PCB congeners are mainly absorbed via the water rather
than the diet. In contrast, the chemical activity of PCB 52 in the
sediments and organisms is similar to and greater than that in
the water, suggesting that sediments are the primary source
of exposure. Finally, the chemical activities of PCB 138 in
polychaetes and mussels are greater than those in the water
and sediment. This may indicate the role of dietary uptake
and subsequent biomagnification. Biomagnification causes an

increase in chemical activity in the organism over that in the
water or sediment to which the organism is exposed (Connolly
and Pedersen 1988; Gobas et al. 1999).

Application of chemical activity to hazard
assessment

The relationship between chemical activity and toxicity has
been investigated by data compilation and analysis (Freidig
et al. 1999; Mackay and Aot 2011; Thomas et al. 2015) and by
conducting experiments that involve passive dosing (Reich-
enberg and Mayer 2006; Mayer and Holmstrup 2008; Smith et al.
2013). In passive dosing experiments, a biocompatible polymer
containing a test substance is included in the toxicity test as a
donor of the test substance to control the chemical activity in the
test in the form of the freely dissolved concentration of the
chemical in the water (i.e., Cqee; Mayer and Holmstrup 2008;
Smith et al. 2013). By administering the chemical through
equilibrium partitioning, the chemical activity in the test system
can be controlled. The studies revealed that there is a chemical
activity range of 0.01 to 1 that is associated with narcosis or
baseline toxicity. The empirical studies confirmed earlier
estimates of the chemical activity range for baseline toxicity
by Reichenberg and Mayer (2006) and Mackay and Arnot (2011)
based on literature data compilations. Also, passive dosing
experiments showed that substances with a high melting point
(and hence a low fugacity ratio expressed by Equation 5) cannot
achieve the relatively high chemical activities of 0.01 to 0.1 and
do not exhibit narcosis-related effects in aquatic and terrestrial
organisms (Mayer and Holmstrup 2008; Smith et al. 2010). This
melting point cutoff was also suggested by Abernethy and
Mackay (1987) to explain the apparent toxicity cutoff of
chemicals with low aqueous solubilities and by Lipnick et al.
(1987) to explain observations in the classic Overton (1896) study
where anthracene and phenanthrene, which are isomers with
similar partitioning properties, display different adverse out-
comes—that is, phenanthrene, with a melting point of 99.5°C,
produces narcosis, whereas anthracene, with a melting point of
217.5°C, does not—as further demonstrated in experiments by
Mayer and Reichenberg (2006).

Passive dosing experiments also indicated a relatively narrow
range of sensitivities to PAHs among the test organisms (Mayer
and Reichenberg 2006; Smith et al. 2010, 2013; Rojo-Nieto et al.
2012; Seiler et al. 2014; Vergauwen et al. 2015; Butler et al.
2016). Furthermore, the studies showed that the baseline
toxicity of PAH mixtures is closely linked to the sum of chemical
activities of the PAHs in the PAH mixtures (Schmidt et al. 2013)
and that PAHs that are unable to cause baseline toxicity
individually because of a high melting point can contribute
baseline toxicity in the presence of other PAHs in mixtures (Smith
etal. 2013). These studies support the view that baseline toxicity
of mixtures of chemicals can be expressed by the sum of
chemical activities and that a sum of chemical activities greater
than 0.01 is related to baseline toxicity in aquatic organisms. For
modes of toxic action other than narcosis, the relationship
between chemical activity and the toxic response is unclear.
However, it is expected that chemicals exert modes of toxic
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action other than narcosis (or baseline toxicity) at chemical
activities below 0.01. Effects occurring at chemical activities
below 0.01 indicate excess toxicity (i.e., toxicity greater than
baseline toxicity). The lower the chemical activity in the
organism required to cause a harmful effect, the greater the
excess toxicity.

Chemical activity may therefore be a useful diagnostic tool for
elucidating a chemical’s potency for adverse effects or inherent
toxicity. For example, Ding et al. (2012a, 2012b) reported the
toxicity of several pesticides in Chironomus dilutus and Hyalella
azteca in terms of the concentration of the pesticide in the
polymer used for passive sampling (derived by equilibrating
aqueous test media with fibers coated with polydimethylsilox-
ane) and the concentration of the pesticide in the lipids of the
exposed test organisms (obtained by tissue and lipid analysis of
test organisms collected at the end of the tests). We converted
the concentrations in the passive sampling polymer into an
external chemical activity and the concentrations in the lipids
into an internal chemical activity (Figure 4) using the Activity
Calculator (Gobas et al. 2015a) as described in the Supplemental
Data. Figure 4 shows that toxicity was exerted at internal
chemical activities in the organism that are far below the range of
chemical activities associated with baseline toxicity. This
indicates that these pesticides exhibit excess toxicity reflecting
a specific mode of action different from narcosis. Furthermore,
the chemical activity causing effects in both test species was
lower for permethrin than for dichlorodiphenyltrichloroethane
(DDT), dichlorodiphenyldichloroethylene (DDE), and dichloro-
diphenyldichlorethane (DDD). This indicates that permethrin has
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FIGURE 4: Reported 10-d 50% effect concentrations and 50% lethal
concentrations of several pesticides in the exposure medium and the
lipids of the aquatic invertebrate species Chironomus dilutus
and Hyalella azteca expressed in terms of chemical activity. DDE =
dichlorodiphenyldichloroethylene; DDD = dichlorodiphenyldichlorethane;
DDT = dichlorodiphenyltrichloroethane.

a greater inherent toxicity than DDT, DDE, and DDD. Figure 4
also shows that the external activities of the chemical (derived
from the concentrations in the polymer) were greater than the
internal activities (derived from the concentrations in the lipids of
the test organisms). This indicates that the test chemicals in the
test organisms were not in thermodynamic equilibrium with the
test chemicals in the exposure medium. This may have been
attributable to an insufficient exposure duration or to biotrans-
formation that reduces the chemical activity in the organism
below that in the exposure medium. The chemical activity
analysis of the experimental data illustrates the opportunities for
measuring the toxicological potency of chemicals in terms of
chemical activities. It also highlights the challenges of relating
toxicity to external chemical activities in cases of insufficient
exposure duration or significant biotransformation.

Application of chemical activity to risk
assessment of single chemicals

The chemical activity approach has been used as a method
for conducting environmental risk assessments of several high-
production commercial chemicals including decamethylcyclopenta-
siloxane (D5; Gobas et al. 2015b), octamethylcyclopentasiloxane
(D4; Fairbrother and Woodburn 2016), di-ethylhexyl-phthalate ester
(DEHP), and the DEHP metabolite mono-ethylhexyl-phthalate ester
(MEHP; Gobas et al. 2016). In these risk assessments, exposure and
toxicity data from many different sources were expressed in terms of
chemical activities. The chemical activity—based risk assessment for
D5 (Figure 5) illustrates that reported concentrations of D5 in various
environmental media are thermodynamically feasible and do not
indicate gross sampling errors (e.g., sample contamination, unit
errors). In contrast, all reported NOECs for D5 correspond to
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FIGURE 5: Cumulative probability distributions of chemical activities
(unitless) of decamethylcyclopentasiloxane (D5) in effluents of D5
production units, ambient water, sediment, plankton, invertebrates,
fish, birds, and terrestrial mammals from locations in northern Europe
and the United States in relation to the maximum environmentally
feasible chemical activity of D5 of 1 (red straight line) and apparent (but
unrealistic) chemical activities of D5 greater than 1 corresponding to
reported no-observed effects in toxicity assays. Markers depict chemical
activities in individual studies. Original data are from Gobas et al.
(2015b). NOEC = no-observed-effect concentration.
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chemical activities greater than 1 (Figure 5). This indicates that the
reported NOECs were determined at concentrations above the
solubility or the sorptive capacity of the dosing medium in the toxicity
tests. The exposure medium in these tests likely included
undissolved or neat D5 liquid, which normally does not occur in
the environment. The toxicity test results may therefore not be
ecologically relevant and informative for inclusion in an environmen-
tal risk assessment. The chemical activity—based risk assessment
further illustrates that chemical activities of D5 in biota are in general
much lower than those in water and sediment and appear to
decrease with increasing trophic position, suggesting biotransfor-
mation of D5, trophic dilution, and a lack of biomagnification.
Chemical activities of D5 in biota are also below the range of
chemical activities associated with baseline toxicity (i.e., 0.01-1),
which, in the absence of toxicity data, can be used as an initial hazard
screening benchmark.

The chemical activity—based risk assessment for DEHP and
MEHP (Gobas et al. 2016) illustrates the application of the
chemical activity approach to vast amounts of exposure and
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toxicity data including high-throughput in vitro toxicity data
from the USEPA's Toxicity Forecaster (ToxCast); data from in
vitro bioassays for cytotoxicity, estrogenic activity, andro-
genic activity, anti-thyroid hormone activity, and receptor
binding assays; and data from in vivo toxicity studies
(Figure 6). The chemical activity analysis showed that
biological responses in both in vivo and in vitro tests occur
at chemical activities between 0.01 and 1 for DEHP and
between approximately 107° and 10~* for MEHP, indicating
that DEHP is likely a baseline toxicant in toxicity experiments
and that MEHP has a greater potency than DEHP. The
similarity in chemical activities associated with biological
effects in in vitro and in vivo tests for both DEHP and MEHP
suggests that the chemical activity approach may be useful in
the in vitro to in vivo extrapolation of biological effects. The
mean chemical activity of DEHP in biological samples was on
average approximately 100-fold lower than that in abiotic
samples, indicating biotransformation of DEHP in biota,
which has been confirmed in independent experiments
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FIGURE 6: Cumulative probability distributions of chemical activities (unitless) of di-ethylhexyl-phthalate ester (DEHP) in abiotic (A) and biotic (B)
media and of mono-ethylhexyl-phthalate ester (MEHP) in abiotic (C) and biotic (D) media in relation to the range of chemical activities associated with
biological responses in in vivo and in vitro tests. (A) Chemical activities of DEHP corresponding to the exposure concentration of DEHP in abiotic media
(black circles, n= 934 studies, circles appear as line), no-observed-effect concentrations of DEHP in in vivo tests (blue circles, n =7 studies), and lowest-
observed-adverse-effect levels of DEHP in in vivo tests (blue triangles, n = 6 studies). (B) Chemical activities of DEHP corresponding to concentration of
DEHP in biota (gray circles, n= 197 studies), median effective concentrations (EC50s) or median inhibitory concentrations (IC50s) in in vitro tests (green
squares, n=>5 studies), and Toxcast median active concentration (AC50s) in positive in vitro tests (green diamonds, n=40 studies). (C) Chemical
activities of MEHP corresponding to exposure concentration of MEHP in abiotic media (gray circles, n=17 studies); EC50s or median lethal
concentrations of MEHP in daphnia and fish (blue squares, n=5 studies). (D) Chemical activities of MEHP corresponding to concentration of MEHP in
biota (gray circles, n= 26 studies), EC50s or IC50s of MEHP in in vitro tests (green squares, n = 9 studies), and Toxcast AC50s of MEHP in positive in vitro
tests (green diamonds, n=26 studies). See Gobas et al. (2016) for further detail. ToxCast is the US Environmental Protection Agency’s Toxicity
Forecaster.
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(Barron et al. 1995). Chemical activities of both DEHP and
MEHP in biota samples were less than those that produced
biological activity in in vitro bioassays without exception. A
small fraction of chemical activities of DEHP in abiotic
environmental samples (i.e., 4-8%) and none (0%) for
MEHP were found to be within the range of chemical
activities associated with LOECs and NOECs in in vivo tests.

The examples of the application of chemical activity for risk
assessment for D4, D5, DEHP, and MEHP illustrate some key
features of a chemical activity—based risk assessment, namely 1)
consideration of a wider array of data than is usually possible
when using a concentration-based approach, 2) evaluation of
empirical exposure data to confirm thermodynamic plausibility,
3) rudimentary risk assessment (for narcosis) in the absence of
reliable toxicity information, 4) improved characterization of
uncertainty in hazard and exposure data, and 5) identifying
erroneous toxicological data. Boxes 1 and 2 provide additional
illustrative examples of chemical activity—based risk evaluations

of chemical substances. The boxes focus on differences between
concentration and activity-based risk evaluations and illustrate
that chemical activity-based analyses can achieve insights into
the behavior, effects, and risks of chemicals that concentration-
based analyses often cannot without further analysis. Box 1 is an
example where risk may be overestimated in a concentration-
based risk analysis (false positive), whereas Box 2 is an example
where risk may be underestimated in a concentration-based risk
analysis (false negative). The illustrative environmental scenarios
are described in Tables 1 and 2. The concentration and chemical
activity—based risk analyses are graphically illustrated in Figure 7.

Application of chemical activity to risk
assessment of multiple chemicals

The chemical activity approach may also be useful in
assessing the combined toxicity from mixtures of chemical
substances. In recent studies for the European Commission

CONCENTRATION VS. CHEMICAL ACTIVITY BASED RISK EVALUATION

Chemical A (log Kow = 7, molecular weight is 400 g/mol, melting point is 0 °C) is an example of a very hydrophobic chemical that
is liquid at 25 °C. Toxicity studies indicate a NOEC in a sediment toxicity study of a 1000 mg/kg and a NOEC of 0.005 mg/L in a
chronic fish toxicity test. Table 1 and Figure 7 tabulate and illustrate the available concentration data for chemical A for the risk
analysis. Calculation methods are detailed in the Supplemental Data.

A concentration data analysis (Figure 7 and Table 1) of the available data may conclude the following:

1) Chemical A is a highly toxic chemical because the NOEC of 0.005 mg/L in a chronic fish toxicity test is below the 0.1 mg/L
criterion value for inherent toxicity in Canada or the 0.01 mg/L criterion under REACH.
2) Chemical A may be causing harm in the environment because the concentration of chemical A in wastewater effluents is

0.1 mg/L and above the NOEC of 0.005 mg/L.

3) Chemical Ais a very bioaccumulative substance because the apparent bioaccumulation factor in fish is 8000 L/kg and above

the criterion level of 5000 L/kg for a highly bioaccumulative substance and the biomagnification factor for fish-eating

mammals is 1.25.

The chemical activity analysis would conclude the following:

1) Apparent NOECs have little relevance for the assessment of the toxicity of chemical A or for environmental risk assessment

because chemical activities associated with the NOECs exceed 1, which indicates that exposure concentrations in the toxicity
tests were above the aqueous solubility of chemical A (for the chronic fish toxicity study) and above the sorptive capacity of
sediments for chemical A (for the sediment toxicity test). Furthermore, the fact that baseline toxicity of chemical A was not
observed in in vivo studies indicates that concentrations of chemical A in the test organisms did not reach the concentrations
in the organisms that are high enough to cause baseline toxicity. This may occur to a chemical that is biotransformed in the

organism.

S

Chemical A appears to behave as a baseline toxicant in the in vitro bioassay and does not exhibit excess toxicity in the

bioassay because the chemical activity associated with biological activity in in vitro bioassays is 0.01, equal to that expected

from baseline toxicants.

Y

Chemical A is not expected to cause harm to the environment in this scenario because the chemical activities of chemical Ain

all ambient media are less than the chemical activity in the in vitro bioassay and the unrealistic chemical activities associated

with the NOECs in the 2 toxicity tests.

=2

Chemical A does not show evidence of bioaccumulation in a thermodynamic sense because the chemical activity in the fish is

lower than the chemical activity of chemical A in the water and 5 times lower than that in benthic invertebrates. Also, the
chemical activity in the mammal is 4-fold less than that in its prey (fish).

© 2018 The Authors
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CONCENTRATION VS. CHEMICAL ACTIVITY BASED RISK EVALUATION

Chemical B (log Kow = 3, molecular weight is 200 g/mol, melting point is 0 °C) is an example of a chemical that is more water-soluble
(aqueous solubility = 12 g/L) than chemical A. Concentrations of chemical B in various media in an illustrative environment are listed in
Table 2. The NOEC of chemical B in a chronic fish toxicity test is 2 mg/L. A NOEC for benthic invertebrates is not available. Table 2 and
Figure 7 tabulate and illustrate the available concentration data for chemical B. Calculation methods are detailed in the Supplemental
Data.

A concentration-based analysis (Figure 7) may conclude the following:

1) Chemical B is not of toxicological concern because the NOEC is greater than the 0.1 mg/L criterion value for inherent toxicity
in Canada or the 0.01 mg/L criterion under REACH.

2) chemical B is not causing harm in the environment because the concentration of chemical B in ambient water is 0.6 mg/L and
lower than the NOEC of 2mg/L. The concentration of chemical B in the sediment cannot be interpreted in terms of harm
because of the lack of a NOEC for benthic invertebrates.

3) The analysis may conclude that chemical B is not bioaccumulative because the fish/water bioaccumulation factor of chemical
B is 330 L/kg and below criteria levels of 2000 or 5000 used in regulations.

A chemical activity analysis (Figure 7) would conclude the following:

1) Chemical B is a substance of toxicological concern because the chemical activities of chemical B corresponding to the NOEC and the
in vitro toxicity bioassay are 1.7 x 107 and 107, respectively, and below the chemical activity of 0.01 associated with baseline toxicity.
Hence, chemical B exhibits excess toxicity beyond baseline toxicity.

2) Chemical B has the potential to cause harm because the chemical activities of chemical B in sediments, invertebrates, fish, and
mammals exceed the chemical activities associated with the NOEC in the chronic fish toxicity study and biological activity in the
in vitro bioassay.

3) Chemical B bioaccumulates in a thermodynamic sense because the chemical activity of chemical B in the fish-eating mammal

1245

is greater than that in its prey.

(Seventh Framework Program, SOLUTIONS project) and the
European Chemical Industry Council (Long-Range Research
Institute project Time-Integrative Passive Sampling Combined
with Toxicity Profiling), the narcotic toxic pressure of chemicals in
natural freshwaters was both measured and calculated (Hamers
et al. unpublished data; Van de Meent et al., unpublished data).
Based on European Union-wide uses of Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH)-registered
chemicals, the authors 1) estimated European Union-wide
release rates of more than 3000 monoconstituent organic
substances into air, water, and soil; 2) calculated the expected
concentrations of these substances in regional European Union
freshwaters following REACH directives (Figure 8A); 3)
deduced the distribution of expected chemical activities of
the combined sum of REACH-registered substances in
European Union waters (Figure 8B); and 4) derived critical
effect limits (Ha50) of the same substances expressed in terms
of chemical activities (Figure 8C).

The authors then computed the narcotic toxic pressure using
the calculation procedure described originally by Van Straalen
(2002), Aldenberg et al. (2002), and Traas et al. (2002), who
defined toxic pressure as the probability that critical effect
concentrations for one or more aquatic organisms are exceeded
by exposure concentrations of one or more chemical substances
in a water system. Narcotic toxic pressure in regional European

Union freshwater was derived from the overlap of the distribu-
tion of chemical activities of more than 3000 substances in water
(aw), with the distribution of critical effect limits (Ha50), calculated
from LC50s and EC50s. The distribution of the logarithm of the
critical effect limits (log Ha50) was assumed to be normal, with a
mean of -2 (i.e., a corresponding Ha50 of 0.01) and a standard
deviation of 1 log unit(Van de Meent et al., unpublished data), as
shown in Figure 9.

From these 2 distribution functions (Figure 9), it was
determined that the probability of the combined chemical activity
of the more than 3000 REACH substances in water exceeding 0.01
was approximately 1%. This means that any (randomly chosen)
aquatic species in regional European Union freshwater has a
probability of 1% to be exposed to chemical activity in water in
excess of the critical limit of 0.01. Interestingly, Hamers et al.
(unpublished data) found similar results via field monitoring of
waters in The Netherlands using extensive passive sampling and
toxicity profiling. It should be stressed that the chemical activity in
biota is not necessarily the same as that in the waters to which the
organisms are exposed. Hence, a high toxic pressure in the water
does not necessarily imply that toxic effects will occur. For
example, chemicals may be metabolized, thereby reducing the
chemical activity in an organism relative to that in the water in
which the organism resides. The study also revealed that acute
LC50 and EC50 values submitted in REACH registration dossiers
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TABLE 1: Concentrations, solubilities, and chemical activities of chemical A in an illustrative environmental scenario

Available data Concentration (mg/L or mg/kg)

Solubility (mg/L or mg/kg) Chemical activity (unitless)

NOEC in sediment toxicity 350
NOEC in aquatic toxicity 0.005
In vitro bioassay 0.50

Wastewater effluent 0.1

Ambient water 5.1078
Ambient sediment 35x1.07*
Benthic invertebrates 5x 1074

Fish 4x107
Fish-eating mammal 5x107*

35 10
0.001 5

50 0.010

100 0.001
0.001 50x 1075

35 1.0x107°

100 50x107°
400 1.0x107¢
2000 25%x 1077

NOEC = no-observed-effect concentration.

TABLE 2: Concentrations, solubilities, and chemical activities of chemical B in an illustrative environmental scenario

Available data Concentration (mg/L or mg/kg)

Solubility (g/L or g/kg) Chemical activity (x 1073, unitless)

NOEC in aquatic toxicity test 2.0 12 0.17
In vitro bioassay 0.72 72 0.010
Wastewater effluent 1.0 132 0.0076
Ambient water 0.6 12 0.050
Ambient sediment 17 42 0.40
Benthic invertebrates 53 132 0.40
Fish 197 490 0.40
Fish-eating mammal 236 2360 1.0
OEC =no-observed-effect concentration.
Chemical A
1
NOEC sediment | NOEC sediment
NOEC water NOEC water

In vitro bioassay

Waste water effluent

] ]
Ambient water ]
Ambient sediment
Benthic invertebrates
Fish
Fish-eating mammal

1E-08 0.000001 0.0001  0.01 1 100

Concentration (mg/L or mg/kg)

In vitro bioassay
Waste water effluent
Ambient water
Ambient sediment
Benthic invertebrates

Fish

Fish-eating mammal

1E-08  0.000001  0.0001 0.01 1 100

Chemical activity (unitless)

Chemical B

NOEC water —

In vitro bioassay

Ambient water

Ambient sediment
Benthic invertebrates
Fish

Fish-eating mammal

0.0001 0.01 1 100

Concentration (mg/L or mg/kg)

NOEC water

In vitro bioassay
Ambient water
Ambient sediment
Benthic invertebrates
Fish

Fish-eating mammal

1E-06 0.00001 0.0001 0.001  0.01

Chemical activity (unitless)

FIGURE 7: Concentrations (left) and chemical activities (right) of chemicals A and B in illustrative environmental scenarios evaluated for risk.

NOEC = no-observed-effect concentration.
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registered substances in European Union regional water; (B) chemical activities corresponding to the concentrations depicted in (A); and (C) critical
effect limits of the same substances expressed in terms of chemical activities. Ha50 = critical effect limit.

often exceed the reported solubility limits of the substances.
Chemical activities calculated from the LC50 and EC50 in excess
of 1 may reflect the confounding physical effects of undissolved
test material rather than characterizing the inherent toxicity of the
dissolved substance. Figure 8C shows that more than 20% of
the calculated log Ha50 exceeded the aqueous solubility of the
tested substances by up to a factor of 1000.

Application of chemical activity to support
guideline development

Another potential application of the chemical activity
approach is in environmental quality guideline development.
In many cases, the methodology for guideline development
varies between environmental media (e.g., water, sediment, sail,
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critical effect limits (red lines, right). Note that the chemical activities of the more than 3000 chemicals in water range from approximately 10~ '?to 10> and
that the critical effect limit of Ha50=0.01 is exceeded only in a few instances. a= chemical activity; Ha50 = critical effect limit.

animal tissue). This approach tends to produce a patchwork of
medium-specific guideline values that are often not internally
consistent and sometimes fail to achieve the objective of
consistently protecting environmental and human health
(Arblaster et al. 2015). A chemical activity approach allows
toxicity data to be evaluated for a safe chemical activity value
that can be applied to all relevant environmental media
irrespective of the route of intake by the organism. The same
approach may also be suitable to guide the safe use of
ingredients in consumer products. The laws of thermodynamics
ensure that when chemical concentrations in environmental
media are held at or below the safe activity value, environmental
quality standards are achieved. This approach cannot be applied
to chemicals that can biomagnify, and other approaches should
be considered (Alava et al. 2012; Arblaster et al. 2015). However,
the great majority of chemicals in commerce do not biomagnify,
and the application of chemical activity may serve as a simple,
pragmatic strategy to develop environmental quality criteria for
chemicals in multiple environmental media of varying composi-
tion. The safe chemical activity can be converted into a
concentration for a specific medium that is of interest or concern
by multiplying the safe chemical activity by the solubility of the
chemical in the medium.

To monitor for exceedance of thermodynamically based
environmental quality criteria in the environment, various
standard techniques can be used. Passive sampling techniques
may provide a particularly simple and economically attractive
method for monitoring if environmental quality objectives are
met (Mayer et al. 2014) because the concentrations of chemicals
in samplers can be related to chemical activities in a highly
reproducible manner (Grant et al. 2016). The equilibrium
partitioning approach (Di Toro et al. 1991) has been used to
develop sediment benchmarks for a range of organic chemicals

(US Environmental Protection Agency 2003; Booij et al. 2016).
These benchmarks were based on the use of the freely dissolved
concentration of the chemical in interstitial water in sediments
(Ctree), Which is a proxy for chemical activity, and expressing Cree
in terms of an organic carbon-normalized sediment concentra-
tion that, if exceeded, may result in adverse effects to freshwater
and marine benthic organisms. With the advent of proven
passive sampling methods (Ghosh et al. 2014), Ciee no longer
needs to be modeled but instead can be reliably measured
directly. The chemical activity approach can be used as a tool for
comparing the presence of chemicals (in terms of their chemical
activity) in various environmental matrices (e.g., organisms,
interstitial waters) to the chemical activity deemed safe by the
guideline.

CONCLUSIONS

The chemical activity approach can make significant contri-
butions toward achieving the goals expressed in the twenty-first-
century vision of exposure and risk assessment. The chemical
activity approach provides a method for interpreting large
amounts of information on exposure and toxicity of chemicals
obtained from various sources, characterizing uncertainty,
sensing the environment for harmful chemicals, and expressing
risks attributable to exposure to single chemicals and mixtures of
chemicals. The examples discussed in the present article
illustrate that the chemical activity approach provides practical
methods for measuring, monitoring, and evaluating chemicals
that enter the environment.

The chemical activity approach provides a well-established,
theoretically sound framework for conducting exposure, hazard,
and risk assessments. Expressed either in terms of chemical
activities or in the related form of fugacities, lipid-normalized
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concentrations, or freely dissolved concentrations of the
chemical in water, the chemical activity approach has proven
to be useful in both research and decision-making contexts. The
merit of applying the chemical activity approach is that
thermodynamic limits to the behavior of chemicals in the
environment (e.g., solubility, transport, temperature) are recog-
nized and that data and information of various types can be
included in the environmental risk assessment and management
of chemicals. Further, chemical activity is a useful approach to
express the toxicity of single and multiple chemicals resulting
from baseline toxicity and to identify substances that exhibit
excess toxicity relative to narcosis.

A primary limitation of the chemical activity approach is its
unfamiliarity. The development of databases and activity
calculators may help to overcome this challenge. Many
databases and estimation programs for chemical property
data are already available (e.g., Klamt 1995; US Environmental
Protection Agency 2004; Pence and Williams 2010; Brown
et al. 2012; Endo and Goss 2014; Archem 2017) and can be
augmented or adjusted to be directly applicable to a chemical
activity approach. Measured chemical properties like partition
coefficients and solubilities need to be converted and
expressed in terms of multimedia solubilities, activity coef-
ficients, and sorptive capacities required for the chemical
activity calculations. Methods for the conversion of chemical
activities to environmentally and experimentally relevant
concentrations are also available. Chemical activity calculators
exist for water, sediment, soil, air, and biological media of
varying compositions as well as for experimentally relevant
media such as incubation media in in vitro bioassays (Gobas
et al. 2015a). Also, methods exist to calculate the chemical
activity in in vitro bioassays used in high-throughput toxicity
testing (Armitage et al. 2014).

The chemical activity approach can support an adaptive
environmental management strategy (Holling 1978) where
toxicological data from high-throughput in vitro testing and
in vivo studies in the laboratory and the field are compiled
and expressed in terms of chemical activities and then
evaluated and assessed to identify safe chemical activities
values. The safe chemical activities may also guide the
production of safe products where the product’s chemical
constituents do not exceed the safe chemical activities found
through toxicity testing. These safe activities can be ex-
pressed in terms of environmental quality criteria for various
environmental media and then monitored in the environment
using various techniques. Monitoring using passive sampling
techniques may be particularly suited for this purpose
because of its ability to reliably relate freely dissolved
concentrations to chemical activities.

There are several research activities that can be proposed to
further support and facilitate the application of chemical activity
for chemical stewardship. They include further study of the
relationship between the mode of action of chemicals and
chemical activity. Identifying general relationships between
chemical activity and biological response such as those
observed for narcosis is particularly useful. However, in the
absence of such general behaviors, knowledge of the chemical

activity in an organism or that in the exposure medium
associated with the detected biological response(s) is sufficient
to apply the chemical activity approach for conducting risk
assessments. Chemical activity may also be a useful dose metric
for linking molecular, cellular, and organismal events associated
with adverse outcome pathways. Whereas chemical activities in
the range of 0.01 to 1 are closely related to molecular initiating
events associated with narcosis, there may be other ranges of
activities associated with molecular initiating events critical to
adverse outcome pathways other than narcosis that are not
currently fully understood. Chemical activities may be useful as a
tool to expand the understanding of molecular initiating events
and adverse outcome pathways. Research into the solubilities
and sorptive capacities of chemicals in relevant environmental
media such as human, animal, and plant tissues, sediments, soil,
water, and passive sampling media will also help to advance the
application of the chemical activity approach. Finally, the error
and uncertainty associated with the conversion between
concentrations and chemical activities need to be fully explored,
minimized, and accounted for in the application of the chemical
activity approach to exposure and risk assessment.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at DOI: 10.1002/etc.4091.

Data availability—All data are publicly available. References are
provided in the article.

REFERENCES

Abernethy S, Mackay D. 1987. A discussion of correlations for narcosis in
aqueous species. In Kaiser KLE, ed, QSAR in Environmental Toxicology-II.
D. Reidel, Dordrecht, The Netherlands, pp 1-16.

Alava JJ, Ross PS, Lachmuth C, Ford JKB, Hickie BE, Gobas FAPC. 2012.
Habitat-based PCB environmental quality criteria for the protection
of endangered killer whales (Orcinus orca). Environ Sci Technol 46:
12655-12663.

Aldenberg T, Jaworska JS, Traas TP. 2002. Normal species sensitivity
distributions and probabilistic ecological risk assessment. In Posthuma L,
Suter GW, Traas TP, eds, Species Sensitivity Distributions in Ecotoxicol-
ogy. Lewis, Boca Raton, FL, USA, pp 49-102.

Ankley GT, Bennett RS, Erickson RJ, Hoff DJ, Hornung MW, Johnson RD,
Mount DR, Nichols JW, Russom CL, Schmieder PK, Serrrano JA, Tietge
JE, Villeneuve DL. 2009. Adverse outcome pathways: A conceptual
framework to support ecotoxicology research and risk assessment.
Environ Toxicol Chem 29:730-741.

Arblaster J, lkonomou MG, Gobas FAPC. 2015. Toward ecosystem-based
sediment quality guidelines for polychlorinated biphenyls (PCBs). Integr
Environ Assess Manag 11:689-700.

Archem. 2017. SPARC performs automated reasoning in chemistry. [cited
2018 January 2]. Available from: http://www.archemcalc.com/index.html

Armitage JM, Wania F, Aot JA. 2014. Application of mass balance models
and the chemical activity concept to facilitate the use of in vitro toxicity
data for risk assessment. Environ Sci Technol 48:9770-9779.

Barron MG, Albro PW, Hayton WL. 1995. Biotransformation of di(2-
ethylhexyl)phthalate by rainbow trout. Environ Toxicol Chem 14:
873-876.

Booij K, Robinson CD, Burgess R, Mayer P, Roberts CA, Ahrens L, Allan 1J,
Brant J, Jones L, Kraus UR, Larsen MM. 2016. Passive sampling in
regulatory chemical monitoring of nonpolar organic compounds in the
aquatic environment. Environ Sci Technol 50:3-17.

Brown TN, Arnot JA, Wania F. 2012. Iterative fragment selection: A group
contribution approach to predicting fish biotransformation half-lives.
Environ Sci Technol 46:8253-8260.

wileyonlinelibrary.com/ETC

© 2018 The Authors


http://www.archemcalc.com/index.html

1250 Environmental Toxicology and Chemistry—Volume 37, Number 5—pp. 1235-1251, 2018

Burgess RM, Berry WJ, Mount DR, Di Toro DM. 2013. Mechanistic
sediment quality guidelines based on contaminant bioavailability:
Equilibrium partitioning sediment benchmarks. Environ Toxicol Chem
32:102-114.

Burgess RM, Lohmann R, Schubauer-Berigan J, Reitsma P, Perron M,
Lefkovitz L, Cantwell M. 2015. Application of passive sampling for
measuring dissolved concentrations of organic contaminants in the water
column at three marine Superfund sites. Environ Toxicol Chem 34:
1720-1733.

Burkhard LP, Armstrong DE, Andren AW. 1985. Henry's law constants for the
polychlorinated biphenyls. Environ Sci Technol 19:590-596.

Burkhard LP, Arnot JA, Embry MR, Farley KJ, Hoke RA, Kitano M, Leslie HA,
Lotufo GR, Parkerton TF, Sappington KG, Tomy GT. 2012. Comparing
laboratory and field measured bioaccumulation endpoints. Integr Environ
Assess Manag 8:17-31.

Butler JD, Parkerton TF, Redman AD, Letinski DJ, Cooper KR. 2016.
Assessing aromatic-hydrocarbon toxicity to fish early life stages using
passive-dosing methods and target-lipid and chemical-activity models.
Environ Sci Technol 50:8305—-8315.

Carson RL. 1962. Silent Spring. Houghton Mifflin, New York, NY, USA.

Cohen Hubal EA, Richard A, Aylward L, Edwards S, Gallagher J, Goldsmith
MR, Isukapalli S, Tornero-Velez R, Weber E, Kavlock R. 2010. Advancing
exposure characterization for chemical evaluation and risk assessment.
J Toxicol Environ Health B Crit Rev 13:299-313.

Connolly JP, Pedersen CJ. 1988. A thermodynamic-based evaluation of
organic chemical accumulation in aquatic organisms. Environ Sci Technol
22:99-103.

DingY, Landrum PF, You J, Hartwood AD, Lydy MJ. 2012a. Use of solid phase
microextraction to estimate toxicity: Relating fiber concentrations to
toxicity—Part |. Environ Toxicol Chem 31:2159-2167.

Ding Y, Landrum PF, You J, Hartwood AD, Lydy MJ. 2012b. Use of solid
phase microextraction to estimate toxicity: Relating fiber concentrations
to body residues—Part Il. Environ Toxicol Chem 31:2168-2174.

Di Toro DM, Zarba CS, Hansen DJ, Berry WJ, Swartz RC, Cowan CE, Pavlou
SP, Allen HE, Thomas NA, Paquin PR. 1991. Technical basis for the
equilibrium partitioning method for establishing sediment quality criteria.
Environ Toxicol Chem 11:1541-1583.

Dix DJ, Houck KA, Martin MT, Richard AM, Setzer RW, Kavlock RJ. 2007. The
ToxCast program for prioritizing toxicity testing of environmental
chemicals. Toxicol Sci 95:5-12.

Endo S, Goss KU. 2014. Applications of polyparameter linear free energy
relationships in environmental chemistry. Environ Sci Technol 48(21):
12477-12491.

European Centre for Ecotoxicology and Toxicology of Chemicals. 2016. Full
utilisation of the chemical activity concept for non-polar organic
chemicals (log Kow >2). ECETOC Workshop Report 29. Auderghem,
Belgium, pp 23-32. [cited 2018 January 2]. Available from: http://www.
ecetoc.org/wr_29/syndicate-sessions/syndicate-session-1-full-utilisation-
chemical-activity-concept-non-polar-organic-chemicals-log-kow->-2/

European Commission. 2006. Regulation (EC) 1907/2006 of the European
Parliament and of the Council concerning the registration, evaluation,
authorisation and restriction of chemicals (REACH), establishing a
European Chemicals Agency, amending Directive 1999/45/EC of the
European Parliament and of the Council and repealing Council
Regulation (EEC) 793/93 and Commission Regulation (EC) No. 1488/94
as well as Council Directive 76/769/EEC and Commission Directives 91/
155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC. Official J Eur Union
L396:374-375.

European Commission. 2012. Toxicity and assessment of chemical mixtures.
Brussels, Belgium.

Fairbrother A, Woodburn KB. 2016. Assessing the aquatic risks of the cyclic
volatile methyl siloxane D4. Environ Sci Technol Lett 3:359-363.

Ferguson J. 1939. The use of chemical potentials as indices of toxicity. Proc R
Soc Lond B Biol Sci 127:387-404.

Franks NP, Lieb WR. 1982. Molecular mechanisms of general anaesthesia.
Nature 300:487-493.

Freidig AP, Verhaar HJM, Hermens JLM. 1999. Comparing the potency of
chemicals with multiple modes of action in aquatic toxicology: Acute
toxicity due to narcosis versus reactive toxicity of acrylic compounds.
Environ Sci Technol 33:3038-3043.

Friedman CL, Burgess RM, Perron MM, Cantwell MG, Ho KT, Lohmann R.
2009. Comparing polychaete and polyethylene uptake to assess

sediment resuspension effects on PCB bioavailability. Environ Sci Technol
43:2865-2870.

Ghosh U, Kane DS, Burgess RM, Jonker M-TO, Reible D, Gobas F, Choi Y,
Apitz SE, Maruya KA, Gala WR, Mortimer M, Beegan C. 2014. Passive
sampling methods for contaminated sediments: Practical guidance for
selection, calibration, and implementation. Integr Environ Assess Manag
10:210-223.

Gobas FAPC, Otton SV, Tupper-Ring LF, Crawford MA. 2015a. Chemical
activity calculator for calculating thermodynamic activities of non-polar
organic chemicals from concentrations of chemicals in various environ-
mental media. Environmental Toxicology Research Group at Simon
Fraser University. [cited 2018 January 2]. Available from: http://www.sfu.
ca/rem/toxicology/our-models/activity-calculator.html

Gobas FAPC, Otton SV, Tupper-Ring LF, Crawford MA, Clark KE, lkonomou
MG. 2016. Chemical activity-based environmental risk analysis of
the plasticizer di-ethylhexyl phthalate and its main metabolite mono-
ethylhexyl phthalate. Environ Toxicol Chem 36:1483-1492.

Gobas FAPC, Wilcockson JWB, Russell RW, Haffner GD. 1999. Mechanism of
biomagnification in fish under laboratory and field conditions. Environ Sci
Technol 33:133-141.

Gobas FAPC, Xu S, Kozerski G, Powell DE, Woodburn KB, Mackay D,
Fairbrother AE. 2015b. Fugacity and activity analysis of the bioaccumu-
lation and environmental risks of decamethylcyclopentasiloxane (D5).
Environ Toxicol Chem 34:2723-2731.

Government of Canada. 1999. Canadian Environmental Protection Act, 1999.
Canada Gazette Part Ill 22:1-234.

Grant S, Schacht VJ, Escher Bl, Hawker DW, Gaus C. 2016. Experimental
solubility approach to determine PDMS-water partition constants and
PDMS activity coefficients. Environ Sci Technol 50:3047-3054.

Holling CS. 1978. Adaptive Environmental Assessment and Management.
John Wiley & Sons, New York, NY, USA.

Jahnke A, MacLeod M, Wickstrom H, Mayer P. 2014a. Equilibrium sampling
to determine the thermodynamic potential for bioaccumulation of
persistent organic pollutants from sediment. Environ Sci Technol 48:
11352-11359.

Jahnke A, Mayer P, McLachlan MS, Wickstrém H, Gilbert D, MacLeod M.
2014b. Silicone passive equilibrium samplers as “chemometers” in eels
and sediments of a Swedish lake. Environ Sci Processes Impacts 16:
464-472.

Japanese Ministry of the Environment. 2011. Japan Chemical Substances
Control Law (CSCL). [cited 2018 January 2]. Available from: http://www.
cirs-reach.com/Japan_CSCL/New_Japan_Chemical_Substances_Control_
Law_CSCL.html

Kipka U, Di Toro D. 2009. Technical basis for polar and nonpolar narcotic
chemicals and polycyclic aromatic hydrocarbon criteria: lll. A polypara-
meter model for target lipid partitioning. Environ Toxicol Chem 28:
1429-1438.

Klamt A. 1995. Conductor-like screening model for real solvents: A new
approach to the quantitative calculation of solvation phenomena. J Phys
Chem 99:2224-2235.

Krewski D, Westphal M, Andersen ME, Paoli GM, Chiu WA, Al-Zoughool M,
Croteau MC, Burgoon LD, Cote I. 2014. A framework for the next
generation of risk science. Environ Health Perspect 122:796-805.

Legind CN, Karlson U, Burken JG, Reichenberg F, Mayer P. 2007.
Determining chemical activity of (semi)volatile compounds by headspace
solid-phase microextraction. Anal Chem 79:2869-2876.

Lewis GN. 1901. The law of physico-chemical change. Proceedings of the
American Academy of Arts and Sciences 37:49-69.

Lewis GN. 1907. Outlines of a new system of thermodynamic chemistry.
Proceedings of the American Academy of Arts and Sciences 43:259-293.

Lipnick RL, Watson KR, Strausz AK. 1987. A QSAR study of the acute toxicity of
some industrial organic-chemicals to goldfish: Narcosis, electrophile and
proelectrophile mechanisms. Xenobiotica 17:1011-1025.

Mackay D. 2001. Multimedia Environmental Models: The Fugacity Approach,
2nd ed. Lewis, Boca Raton, FL.

Mackay D, Aot JA. 2011. The application of fugacity and activity to
simulating the environmental fate of organic contaminants. J Chem Eng
Data 56:1348-1355.

Mackay D, Arnot JA, Wania F, Bailey RE. 2011. Chemical activity as an
integrating concept in environmental assessment and management of
contaminants. Integr Environ Assess Manag 7:248-255.

© 2018 The Authors

wileyonlinelibrary.com/ETC


http://www.ecetoc.org/wr_29/syndicate-sessions/syndicate-session-1-full-utilisation-chemical-activity-concept-non-polar-organic-chemicals-log-kow-&x2265;-2/
http://www.ecetoc.org/wr_29/syndicate-sessions/syndicate-session-1-full-utilisation-chemical-activity-concept-non-polar-organic-chemicals-log-kow-&x2265;-2/
http://www.ecetoc.org/wr_29/syndicate-sessions/syndicate-session-1-full-utilisation-chemical-activity-concept-non-polar-organic-chemicals-log-kow-&x2265;-2/
http://www.sfu.ca/rem/toxicology/our-models/activity-calculator.html
http://www.sfu.ca/rem/toxicology/our-models/activity-calculator.html
http://www.cirs-reach.com/Japan_CSCL/New_Japan_Chemical_Substances_Control_Law_CSCL.html
http://www.cirs-reach.com/Japan_CSCL/New_Japan_Chemical_Substances_Control_Law_CSCL.html
http://www.cirs-reach.com/Japan_CSCL/New_Japan_Chemical_Substances_Control_Law_CSCL.html

Environmental Toxicology and Chemistry—Volume 37, Number 5—pp. 1235-1251, 2018 1251

Mackintosh CE, Maldonado J, Hongwu J, Hoover N, Chong A, Ikonomou
MG, Gobas FAPC. 2004. Distribution of phthalate esters in a marine
aquatic food web: Comparison to polychlorinated biphenyls. Environ Sci
Technol 38:2011-2020.

Mayer P, Holmstrup M. 2008. Passive dosing of soil invertebrates with
polycyclic aromatic hydrocarbons: Limited chemical activity explains
toxicity cutoff. Environ Sci Technol 42:7516—7521.

Mayer P, Parkerton TF, Adams RG, Cargill JG, Gan J, Gouin T, Gschwend PM,
Hawthorne SB, Helm P, Witt G, You J, Escher BIl. 2014. Passive sampling
methods for contaminated sediments: Scientific rationale supporting use
of freely dissolved concentrations. Integr Environ Assess Manag 10:
197-209.

Mayer P, Reichenberg F. 2006. Can highly hydrophobic organic substances
cause aquatic baseline toxicity and can they contribute to mixture
toxicity? Environ Toxicol Chem 25:2639-2644.

Mayer P, Tolls J, Hermens L, Mackay D. 2003. Equilibrium sampling devices.
Environ Sci Technol 37:184A-191A.

Meyer H. 1899. Zur Theorie der Alkoholnarkose. Archiv fiir Experimentelle
Pathologie und Pharmakologie 42:109-118.

National Research Council. 2007. Toxicity Testing in the 21st Century: A
Vision and a Strategy. National Academies Press, Washington, DC.

National Research Council. 2012. Exposure Science in the 21st Century: A
Vision and a Strategy. National Academies Press, Washington, DC.

Nfon E, Cousins IT. 2007. Modelling PCB bioaccumulation in a Baltic food
web. Environ Pollut 148:73-82.

Overton E. 1896. Ueber die Osmotischen Eigenschaften der Zelle in ihrer
Bedeutung fur die Toxicologie und Pharmakologie. Vierteljahrsschr
Narturforsch Ges Zuerich 41:383.

Pence HE, Williams A. 2010. ChemSpider: An online chemical information
resource. J Chem Educ 87:1123-1124.

Prausnitz JM. 1969. Molecular Thermodynamics of Fluid-Phase Equilibria.
Prentice-Hall, Englewood Cliffs, NJ, USA.

Reichenberg F, Mayer P. 2006. Two complementary sides of bioavailability:
Accessibility and chemical activity of organic contaminants in sediments
and soils. Environ Toxicol Chem 25:1239-1245.

Rojo-Nieto E, Smith KEC, Perales JA, Mayer P. 2012. Recreating the seawater
mixture composition of HOCs in toxicity tests with Artemia franciscana by
passive dosing. Aquat Toxicol 120:27—34.

Schmidt SN, Holmstrup M, Smith KEC, Mayer P. 2013. Passive dosing
of polycyclic aromatic hydrocarbon (PAH) mixtures to terrestrial spring-
tails: Linking mixture toxicity to chemical activities, equilibrium lipid
concentrations, and toxic units. Environ Sci Technol 47: 7020—7027.

Schwarzenbach RP, Gschwend PM, Imboden DM. 2003. Environmental
Organic Chemistry. John Wiley and Sons, Hoboken, NJ, USA.

Seiler TB, Best N, Fernqvist MM, Hercht H, Smith KEC, Braunbeck T, Hollert
H, Mayer P. 2014. PAH toxicity at aqueous solubility in the fish embryo test
with Danio rerio using passive dosing. Chemosphere 112:77—84.

Shiu WY, Mackay D. 1986. A critical review of aqueous solubilities, vapor
pressures, Henry's law constants, and octanol-water partition

coefficients of the polychlorinated biphenyls. J Phys Chem Ref Data
15:911-929.

Smith KEC, Dom N, Blust R, Mayer P. 2010. Controlling and maintaining
exposure of hydrophobic organic compounds in aquatic toxicity tests by
passive dosing. Aquat Toxicol 98:15-24.

Smith KEC, Schmidt SN, Dom N, Blust R, Holmstrup M, Mayer P. 2013.
Baseline toxic mixtures of non-toxic chemicals: “Solubility addition”
increases exposure for solid hydrophobic chemicals. Environ Sci Technol
47:2026-2033.

Suter GW . 1993. Ecological Risk Assessment. CRC, Boca Raton,
FL, USA.

Thomas P, Dawick J, Lampi M, Lemaire P, Presow S, van Egmond R, Arnot JA,
Mackay D, Mayer P, Galay Burgos M. 2015. Application of the activity
framework for assessing aquatic ecotoxicology data for organic
chemicals. Environ Sci Technol 49:12289-12296.

Traas TP, Van de Meent D, Posthuma L, Hamers T, Kater BJ, De Zwart D,
Aldenberg T. 2002. The potentially affected fraction as a measure of
ecological risk. In Posthuma L, Suter GW, Traas TP, eds, Species
Sensitivity Distributions in Ecotoxicology. Lewis, Boca Raton, FL, USA, pp
315-344.

United Nations Environment Programme. 2001. The Stockholm Convention
on Persistent Organic Pollutants. Geneva, Switzerland. [cited 2018
January 2]. Available from: http://www.wipo.int/edocs/trtdocs/en/
unep-pop/trt_unep_pop_2.pdf

US Environmental Protection Agency. 1976. Toxic Substances Control Act
(1976). Washington, DC.

US Environmental Protection Agency. 1984. Integrated risk information
system. [cited 2018 January 2]. Available from: https://www.epa.gov/iris

US Environmental Protection Agency. 2003. Procedures for the derivation
of equilibrium partitioning sediment benchmarks (ESBs) for the
protection of benthic organisms: PAH mixtures. EPA-600-R-02-013.
Office of Research and Development. Washington, DC.

US Environmental Protection Agency. 2004. EPI (Estimation Programs
Interface) Suite. Office of Pollution Prevention Toxics and Syracuse
Research Corporation, Washington, DC, and Syracuse, NY.

Van Straalen NM. 2002. Theory of ecological risk assessment based on
species sensitivity distributions. Posthuma L, Suter GW, Traas TP, eds,
Species Sensitivity Distributions in Ecotoxicology. Lewis, Boca Raton, FL,
USA, pp 37-48.

Vergauwen L, Schmidt SN, Stinckens E, Maho W, Blust R, Mayer P, Knapen D,
Covaci A. 2015. A high throughput passive dosing format for the fish
embryo acute toxicity test. Chemosphere 139:9—-17.

Webster E, Mackay D, Qiang K. 1999. Equilibrium lipid partitioning
concentrations as a multi-media synoptic indicator of contaminant
levels and trends in aquatic ecosystems. J Great Lakes Res 25:
318-329.

Wilkinson CF, Christoph GR, Julien E, Kelley JM, Kronenberg J, McCarthy J,
Reiss R. 2000. Assessing the risks of exposures to multiple chemicals with
a common mechanism of toxicity: How to cumulate? Regul Toxicol
Pharmacol 31:20-43.

wileyonlinelibrary.com/ETC

© 2018 The Authors


http://www.wipo.int/edocs/trtdocs/en/unep-pop/trt_unep_pop_2.pdf
http://www.wipo.int/edocs/trtdocs/en/unep-pop/trt_unep_pop_2.pdf
https://www.epa.gov/iris

